abstract | Despite promising preclinical data, the treatment of cardiovascular diseases using embryonic, bone-marrow-derived, and skeletal myoblast stem cells has not yet come to fruition within mainstream clinical practice. Major obstacles in cardiac stem cell investigations include the ability to monitor cell engraftment and survival following implantation within the myocardium. Several cellular imaging modalities, including reporter gene and MRI-based tracking approaches, have emerged that provide the means to identify, localize, and monitor stem cells longitudinally in vivo following implantation. This Review will examine the various cardiac cellular tracking modalities, including the combinatorial use of several probes in multimodality imaging, with a focus on data from the past 5 years.
Introduction
Despite nearly a decade of study and promising pre clinical data, the role of cell-based therapy for the treatment of cardiac diseases, using various cell types, remains controversial and thus far has failed to translate into mainstream clinical practice. Findings from the Boost trial 1 initially offered hope that intracoronary infusion of autologous bone marrow cells (BmCs) would improve left ventri cular ejection fraction in patients with st-segment elevation myocardial infarction (stemi). By contrast, another wellpublicized study (the astami trial 2 ) found no benefit from intracoronary BmC infusion in patients with stemi, whereas a larger, randomized, multicenter study (the rePair-ami trial 3 ) indicated that intra coronary infusion of autologous bone-marrow-derived mononuclear cells provided short-term improvement in left ventricular function when compared with placebo. the rePair-ami trial investigators concluded that although results favored stem cell therapy, their study was not powered sufficiently, and a larger prospective, randomized-controlled trial was still needed. adding to the uncertainty, a 5-year followup study from the Boost trial reported that initial (6 and 18 months after treatment) improvements in left ventricular function were not sustained after 5 years. 4 a fundamental problem in developing cell-based therapies has been identifying the ideal stem cell types, a quest that has been hampered by inefficient engraftment and poor survival of transplanted cells. the conflicting clinical data underscores the need for suitable techniques that can monitor cell-based treatment trials. [1] [2] [3] Cellular imaging techniques are currently under investigation for their ability to identify, localize, and monitor stem cells in vivo longitudinally after implantation. these imaging modalities are likely to provide greater insight into the fundamental mechanisms underlying stem cell fate, migration, and survival. this review will focus on current in vivo cellular imaging approaches that have the greatest potential for translating stem cell applications to the treatment of cardio vascular diseases. mri-based tracking approaches provide detailed morphological and functional information, and have been the focus of active investigation. other techniques for monitoring stem cells, such as the use of reporter genes with radioactive probes, are also being tested in cardiovascular disease models and could, ultimately, find their way into clinical evaluation. Cellular imaging modalities that have less apparent clinical potential, including optical or bioluminescent imaging, have been reviewed elsewhere, and interested readers are referred to these articles for further inquiry. 5, 6 MRI-based assessment of stem cells
In vivo imaging of stem cells with mri, after transplantation into cardiac tissues, has increased our understanding of stem cell fate and has been the focus of intense investi gation. mri provides excellent spatial and temporal resolution for imaging cardiac anatomy and function, allowing detailed delineation of cardiac and surrounding soft tissues; techniques for evaluating the heart have been reviewed previously. 7 Cardiac mri with gadolinium contrast has been used extensively as a noninvasive tool for the characterization of coronary plaques, 8 to distinguish myocardial viability, 9 and to characterize infiltrative diseases of the myocardium. 10 However, intravenous gadolinium contrast agents do not provide cell-specific resolution that would be useful for in vivo monitoring of specific cell populations, such as stem cells, after transplantation. the characteristics of the ideal mri contrast agents used to label stem cells are listed in Box 1. these specific contrast agents have been incorporated into stem cells by www.nature.com/nrcardio various methods, including endocytosis or using mechanical approaches. 11, 12 Currently, two groups of mri contrast agents-the superparamagnetic iron oxide nanoparticles (sPios) and, to a lesser extent, the gadolinium chelatesimprove sensitivity in visualizing a small population of cells, and have been characterized extensively in both preclinical and clinical studies.
12-17
Superparamagnetic iron oxide nanoparticles sPios vary in size, from 30 nm to 180 nm, and are internalized into cells using simple incubation or in combi nation with transfection techniques. 12 Current mri protocols require direct labeling of stem cells with these contrast agents before transplantation. once within the cell, sPios can induce decreased signal intensity on t2-weighted and t2*-weighted images, which is described as the 'blooming effect' , and can often generate notable signal loss on mri at a concentration within the picogram range.
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In vivo mri-based tracking of sPios in stem cells in the heart is currently in preclinical development. although trials of cardiac stem cell therapy have used intracoronary or intravenous administration of cells, most mri-sPio stem cell studies performed thus far have been limited to direct intramyocardial delivery of cells via percutaneous catheters. 18 nevertheless, from a clinical perspective, the promise of mri-based studies using sPios has been exemplified by tracking of stem cells in vivo following stroke 19, 20 and myocardial infarction [21] [22] [23] [24] [25] and immune cell migration following heart transplantation rejection. 26 uptake of sPios varies considerably in different stem cell types, including embryonic, [27] [28] [29] hematopoietic, 30,31 mesenchymal, 32, 33 and immunological lineages. 13, 14, 34 two proof-of-concept studies demonstrated that sPios incorporated into embryonic stem cells (esCs) can be tracked effectively after implantation. 27, 35 ebert and colleagues implanted sPio-labeled mouse esCs directly into the myocardium after infarction. 35 the researchers were able to identify the persistence of signal loss in the infarct zone 28 days after implantation, indicating that sPio labeled esCs integrated successfully and remained within the infarcted myocardium. a trend towards reduced cardiac remodeling (as manifested by a smaller change in left ventricular end-diastolic and end-systolic volumes) in animals that received esCs was noted, although there were no improvements in ejection fraction. in the study by mani and colleagues, 27 mouse esC-derived cardiac precursor cells (es-CPCs) were labeled with ferum oxides (Feridex iv®, amaG Pharmaceuticals, inc., Cambridge, ma), a type of sPio that has received FDa approval for clinical use in liver imaging applications. approximately 500,000 labeled es-CPCs were delivered to the infarction border zone via direct intramyocardial injection. t2*-weighted mri performed 24 h and 1 week after implantation showed areas of signal loss that correlated well with iron deposition in postmortem histo logical samples 27 ( Figure 1 ). other types of stem cells have also been labeled with sPios and have proved successful as in vivo tracking agents.
12,36 mesenchymal stems cells (msCs), either from rat 32 or swine, 21 were implanted directly into infarcted myocardium and retention of stem cells in the infarct zone could be detected 1 month and 21 days, respectively, after implantation. in a study by amado and colleagues, direct intramyocardial delivery of sPio-labeled bone-marrowderived stromal cells (BmsCs) into infarcted tissue in a pig model led to substantial (~42.4 ± 15%) cell retention at 8 weeks, as detected by mri. 37 msC-treated animals were also found to have near-normalization of cardiac function, as demonstrated by improved hemodynamic measurements, compared with placebo. 37 By contrast, a study by Carr and colleagues demonstrated that the homing and persistence of BmsCs (implanted either directly or via intravenous injection) into infarcted myocardium in a rat model did not translate to improved cardiac function. 38 table 1 outlines several studies examining in vivo tracking of stem cells using mri.
In vivo tracking using cells labeled with iron oxide has several limitations. First, signal loss generated by sPiolabeled contrast agents can be difficult to distinguish from endogenous sources of signal attenuation. Factors such as perivascular effects, partial volume averaging, motion artifacts, and the presence of hemosiderin (such as areas of increased red blood cell density, including hemorrhages) can also induce signal loss on t2 or t2*-weighted mri. 40 second, the iron oxide is diluted with each subsequent cell division. Furthermore, imaging with sPios tracks the locations of iron nanoparticles, but not necessarily specific cell types. Following apoptosis and cell death, sPios might be phagocytosed by non-stem cells such as macrophages that have been shown to be present histologically. 32, 41 other studies showing macrophage uptake suggest that changes in mri signal intensity from stem cells to macrophages represent a minimal amount of total iron oxide originally infused in the cells. 42 The ability to correlate cell viability with signals from radionuclide probes and ■ reporter genes is a major advantage, although in vivo use of reporter genes is currently limited to animal models Multimodality approaches combining both iron-based and radionuclide probes ■ offer increased sensitivity and specificity for stem cell localization and tracking Protocols using MRI and reporter genes to monitor stem cell transplantation ■ are being developed and translation to the clinic will require nonimmunogenic probes that are stably expressed after implantation gadolinium chelates Gadolinium chelates differ from sPios in their ability to shorten longitudinal (t1) relaxation times and thus generate increased mri signal intensity on t1-weighted sequences. 44 the most widely used example of such a contrast agent is gadopentate dimeglumine (Gd-DtPa; magnevist®, Bayer schering Pharma, inc., montville, nJ), which was the first FDa-approved mri contrast agent and has been used extensively in clinical mri applications such as noninvasive angiography. 45 Gd-DPta shows decreased signal intensification in areas of reduced perfusion in the heart in conditions such as myocardial ischemia or necrosis. 46, 47 Gadofluorine m (GdFm) has also been used to label transplanted esC-derived cardiac progenitor cells in vivo ( Figure 2) . 48 GdFm-labeled cells were identified 2 weeks after injection in both infarcted and noninfarcted mice. GdFm contained a rhodamine tag, allowing correlation between mri and histopathological images.
Despite their widespread use in clinical mri applications, gadolinium chelates, such as Gd-DtPa, have less potential than superparamagnetic iron oxide nanoparticles, such as ferumoxides as cell-tracking agents. intracellular gadolinium has much lower t1 relaxivity, which limits its use in cellular tracking studies because of weakened signal intensification. 15 in addition, current gadolinium formulations do not give signal intensification comparable with iron-based compounds, partly because of the limited amounts of gadolinium that can be taken up by cells. moreover, gadolinium chelates have been shown to be toxic when used in neural stem cell tracking in a stroke study. 49 other gadolinium-based nanoparticles are being evaluated to determine whether they can be used for labeling stem cells for cellular mri.
50,51
Radionuclide approaches the major advantages of using radionuclide probes for stem cell surveillance include the inherently high signalto-noise ratio (because the body does not have inherent signals that interfere with radioprobes), the ability to quantify levels of radionuclide probes through counts per voxel, and the correlation with cell viability in combination with reporter genes. several radionuclide and positron emitting tracers have been used in preclinical and clinical studies to directly label cells to monitor migration of cells into the heart. indium-111 (in 111 )-oxine and technetium-99 ( 99m tc)-hexamethylprophylene amine oxine (HmPao) are lipophilic agents that are imaged with single-photon emission Ct (sPeCt). Fluorine 18-fluorodeoxyglucose ( 18 F-FDG) is used in Pet imaging, with degree of labeling efficiency ranging from 10% to 90%, 52 and seems to depend on cell type or on preparation techniques (that is, incubation time and isotope concentration). 53 stem cells can be labeled with radionuclide or Pet agents by direct co-incubation of cells with the probes. Depending on the route of administration of in 111 -oxine-labeled stem cells, 1-5% of cells have been detected in the heart in experimental studies. 33, [54] [55] in 111 -oxine-labeled peri pheral blood mononuclear cells (PBmCs) have been delivered via intracoronary, intramyocardial, or inter stitial retrograde (via coronary venous sinus) approaches in a postinfarction model-less than 10% of the 10 7 delivered stem cells were retained in the heart. 56 ,57 a substantial number of cells that were delivered via intravenous injection were subsequently trapped in the lungs, perhaps suggesting their ultimate localization in these models. 33 Furthermore, although stem cell implantation via direct intramyocardial injection has resulted in highly efficient localization of cells within the heart, direct injection has not guaranteed efficient delivery of labeled PBmCs to infarcted cardiac tissues. another disadvantage of infusing radiolabeled cells is that they might have a negative effect on tissues or organs that were not the intended target. 43 improvements in sPeCt imaging might enable the detection of labeled cells at the same resolution presently found with Pet. However, Pet still tends to be regarded as having higher temporal and spatial resolution compared with sPeCt. nevertheless, both techniques allow for quantification of radiotracer levels and, therefore, allow the T2* GRE reviewS numbers of labeled cells within a region of interest to be determined. 58 18 F-FDG has been used for labeling and imaging of BmCs in clinical 59, 60 and experimental studies. 61 the stem cell labeling efficiency of 18 F-FDG following incubation has been reported to vary between 40% and 100%. 52,60 18 F-FDG can be retained in the cell through enzymatic conversion by glucose-6-phospate, or by receptor-mediated binding. 58 myocardial accumulation of 18 F-FDG-labeled circulating progenitor cells has been demonstrated immediately after balloon occlusion and cell delivery into the coronary artery, accompanied by a rapid decrease in activity, consistent with first-pass kinetics for the cells. 61 approximately 8% of the total injected activity from 18 F-FDG in cells could be localized to the myocardium 1 h after cell delivery in a swine infarct model. 61 High labeling efficiencies (>90%) with 18 F-FDG of hematopoietic stem cells or BmCs have been demonstrated in three clinical studies. Kang and colleagues reported that less than 5% of injected activity was located in the heart, 2 h after intracoronary injection of PBmCs in 17 patients with myocardial infarction, whereas high activity was found in the spleen, liver, bladder, and brain. 60 By 20 h after injection of cells, Pet scans revealed only 1.5% of injected activity in + surface markers in patients 5-10 days after stent placement for stemi, revealed that up to 39% of the total injected dose was detected preferentially in the border zone around the damaged area of the heart. 59 However, Pet showed that approximately 2% of the total injected dose of intravenous 18 F-FDG-labeled CD34 + cells were retained in the area around the myocardial infarction. Despite its promise and preclinical utility, the inability to track labeled cells over prolonged periods of time limits the usefulness of these nuclear medicine and Pet approaches in monitoring the ultimate fate of transplanted cells in the treatment of myocardial infarction.
Reporter gene approaches
reporter genes have been used in numerous studies investi gating the fate, proliferation, and migration of multiple cellular subsets, including stem cells. reporter genes can be introduced into stem cells before implantation via transfection of cDna plasmids or via trans duction into host cell genome with viral vectors. 62 expression of reporter genes is driven constitutively by endogenous or exogenous gene promoters (such as the viral promoter from the lentivirus species) and needs to be stably transduced into cells. in comparison with direct labeling of cells with radionuclides, or mri-based modalities using sPios and gadolinium chelates (where both viable and nonviable cells could emit signals), gene transcription and trans lation of reporter probes require intact, viable cells allowing for the assessment of cell survival following transplantation. after stable transduction into the hostcell genome, reporter genes are passed onto daughter cells during cell division, permitting longitudinal time-course assays of stem cell populations.
two reporter gene approaches-enzyme-based and receptor and transporter-based-have been used in stem cell tracking studies. enzyme-based reporter gene approaches, of which the herpes simplex virus 1-thymidine kinase (Hsv1-tk) 52 or its mutant form Hsv1-sr39tk 41, 63, 64 are the most frequently used, have been employed in cell tracking studies because of the signal amplification that occurs as a result of imaging probe trapping and accumulation. this signal amplification is normally not generated by receptor and transporter-based reporter systems. a wide variety of pyrimidine analogs and acycloguanosine derivatives have been investigated as reporter probes for Hsv1-tk for Pet imaging studies. 52 Preclinical evaluation of Hsv1-tk genes inserted into stem cells has been performed using 9-(4- 7 mouse esCs transduced with the Hsv1-tk gene and firefly luciferase gene into immunoincompetent rats with normal myocardium, and were able to assess stem cell viability and proliferation in vivo over 4 weeks using a combi nation of Pet 18 F-FHBG imaging and bioluminescent imaging. 63 Quantification of the cell signal activity showed excellent correlation between bioluminescent photon flux and Pet signal intensity with a marked increase in signal 2-4 weeks after implantation, corresponding to intra cardiac and extracardiac teratomas on histology. 63 rats treated with the antiviral agent ganciclovir after implantation of esC-Hsv1-tk cells did not develop teratomas. 63 Ganciclovir is phosphorylated in cells that have been transduced with the Hsv1-tk gene, and the phosphorylated analog interferes with Dna synthesis, ultimately resulting in cell death. these results demonstrate the value of using HSV1-tk, which can serve as a suicide-gene approach to minimize or eliminate transformed cells. willmann and colleagues reported initial difficulty with the detection of tk-engineered human msCs following direct open-chest implantation into pig hearts (despite direct injection of 10 8 cells in phosphate buffered saline) using standard clinical Pet and Ct, highlighting the difficulty in translating this technology into clinical practice. 65 the researchers were, however, able to detect tk-hmsC in the pig heart after direct implantation of the stem cells contained in a gel matrix and a possible future approach of localizing cell-based therapies to a specific region of myocardium (Figure 3) .
investigators have also used the dopamine type 2 receptor or sodium iodide symporter (nis) as reporter genes in stem cell tracking studies. 66, 67 Both are nonimmunogenic because they are expressed in mammalian 67 sPeCt ( 99m tc pertechnatate), and Pet ( 124 i) scans have been used in feasibility studies to localize and determine the viability of cardiac-derived stem cells transduced with the nis reporter gene that was directly injected into the heart in an established rat model of myocardial infarction. 67 these results demonstrated the versatility of using nis reporter expression for monitoring transplanted stem cells cardiac disease models. as observed with other reporter gene approaches for tagging stem cells, limitations include the efficiency and duration of reporter gene expression in primary cells, and whether uptake of the radioprobe by other tissues that express the nis gene is likely to occur. 53 limitations of reporter gene use Despite the promise of reporter gene technology in studying trafficking of cardiac stem cells, several dis advantages currently limit the utility of these approaches in clinical practice. First, manipulation of the host-cell genome by insertion of one or more copies of the reporter gene is required. second, levels of reporter gene proteins could be variable, given that the number of gene copies inserted into the host cell after transfection or trans duction cannot be controlled. Consequently, nonphysiological overexpression of reporter gene proteins could occur within stem cell populations and might perturb endo genous cellular functions. third, immune reactions could also be elicited in response to genetically manipulated stem cells, leading to a loss of signal from cells containing the reporter gene. 52, 53, 68 Fourth, malignant transformation of the transplanted stem cells could occur, depending on the number of cDna copies inserted and the insertion sites of the reporter. 69 therefore, despite the promising results from preclinical trials, reporter-gene-based approaches are unlikely to translate into clinical practice in the near future. Protocols using reporter gene imaging to monitor stem cell transplantation are still under development. reporter gene probes selected for use in clinical trial should not have foreign antigens on the cell surface that could stimulate an immune reaction, and inserted reporter genes need to remain active over time. 12, 58 Further work will be required to improve signal strength originating from the implanted cells; cPet (combined with Ct or mri) could provide the necessary increased sensitivity and resolution, particularly when cells are dual-labeled for tracking in early phase clinical trials.
Multimodality approaches
multimodality approaches such as Pet or sPeCt in combi nation with Ct or mri have been used to monitor the temporal and spatial migration of dual-labeled stem cells following either intravenous or intramyocardial injection. Kraitchman and colleagues dual labeled allogenic msCs with ferumoxides and in 111 -oxine, intravenously infused up to 2 × 10 8 stem cells in a canine reperfusion myocardial infarction model, and demonstrated focal uptake with sPeCt and Ct within the first 24 h after injection of stem cells that persisted for up to 7 days. 33 in addition, the in 111 -oxine-labeled stem cells redistributed in the lungs and liver within the first 48 h after injection. approximately 80,000 in 111 -oxine-labeled msCs were localized in the infarcted heart 1 week after infusion. the researchers detected msCs positive for Prussian blue staining in the infarct and peri-infarct region in the heart; however, in vivo and ex vivo mri did not detect the presence of ferumoxides-labeled cells. 33 other approaches, such as dual-tracer multipinhole sPeCt and Ct, have been shown to simultaneously assess the location of implanted in 111 -oxine-labeled stem cells, myocardial perfusion, and viability by injection of 99m tc sestamibi, and to monitor the viability of cells as well as changes in the area of infarction. 70 Blackwood et al. monitored in 111 -tropolin-labeled bone marrow mononuclear cells in a canine myocardial infarction model, and detected viable cells using sPeCt and Ct up to 7 days after implantation. 71 However, the mathematical modeling of signal decay, and acquisition times approaching 180 s/ projection, might limit the clinical usefulness of this approach for tracking stem cells implanted within the heart. 71 Qiao and colleagues demonstrated the value of dualmodality imaging using mri and Pet by transducing mouse esCs with mutant HSV1-sr39tk. 41 these cells were then labeled with sPios, and 1-5 × 10 6 cells were injected directly into the border zone of infarcted myocardium in a well-established rat model. early localization of implanted F-FHBGPet demonstrated survival and proliferation of cells in areas where mri had confirmed cell implantation. mri provided detailed information on myocardial wall function and contractility. in addition, 18 F-FHBG activity corresponded to the number of cells implanted in normal or infarcted myocardium. Histological examination revealed that less than 0.5% of implanted esCs were cardiomyocytes and that most of the cells positive for Prussian blue staining were macro phages, which suggests uptake of the sPio from either dead cells or rapidly proliferating cells that released particles into the extracellular space. 41 these results indicate that complementary information can be obtained when reporter gene approaches are combined with sPio nanoparticle labeling to determine cell survival and proliferation.
Translation to the clinic translation of cell-tracking technologies into clinical settings will require substantial preparation and perseveran ce. a variety of imaging modalities show promise; among the possible cellular mri labels that could be tested in a phase i clinical trial, sPios should be considered as the first choice given the extensive studies conducted on these agents. sPio cell labels have been used in clinical trials outside the us, although not for cardiac applications. 15, [72] [73] [74] labeling cells with sPios for cellular mri does not fall under the auspices of the FDa-approved exploratory investigative new drug or phase 0 trials. all agents used will, therefore, need to be clinical-grade ancillary products or made with good manufacturing practice (GmP). 16 unfortunately, the us Pharmacopeia (usP) grade ferumoxides (Feridex iv® or endorem®, Guerbet, villepinte, France) are no longer available. although alternative sPio agents for cell labeling are available from various companies, none are FDaapproved or made in a clinical GmP facility. Promising new agents, such as ferumoxytol, are being evaluated as mri contrast agents, but their effectiveness in cell tracking remains unknown. 75 ultimately, more rigorous preclinical studies are required before clinical studies with sPios can proceed.
Cell tracking will require a multidisciplinary team of clinicians and imaging scientists working together to label cells in an approved clinical GmP facility and demonstrate the utility of noninvasive cell trafficking imaging studies in the evaluation of cellular therapies. although substantial challenges remain, overcoming these hurdles will require unlocking of the potential for cell-based technologies in cardiovascular disease. Guidelines for researchers who want to use non-usP-grade material to label cells for clinical studies can be found in Box 2. FDa guidelines for evaluation of sPio-labeling of cells for cellular mri have not yet been published, and further preclinical studies will be required before these techniques can be implemented in clinical practice.
Conclusions
over the past decade, substantial progress has been made in experimental and clinical nuclear medicine and mri scanners along with novel methods of cell labeling that have enabled the in vivo tracking of stem cells. the develop ment of labeling techniques that are non specific for cell type has meant that cells can be tagged with contrast agents that were clinically approved for other indications, such as 18 F-FDG, in 111 oxine, ferumoxides, and gadolinium chelates. in addition, improvements in scanner hardware have increased sensitivity and the ability to localize signals from labeled cells with higher resolution scans, which could enable the quantification of viable cells following trans plantation. reporter gene technology is still in its infancy and will require further development to ensure that labeled cells are not immunogenic, that gene silencing does not occur, and that there is no risk of malignant transformation.
Future research should focus on the development of novel agents for noninvasive imaging approaches, to determine whether transplanted cells survive infusion and transplantation, differentiate, and functionally integrate. ultimately cellular imaging techniques will be directly linked to the success of cell-based therapies in clinical trials of heart disease. noninvasive imaging, in conjunction with cell labeling, will be important in the design of novel treatment trials and developing strategies to optimize cell or drug dosage to maximize therapeutic response.
Box 2 | Using nonclinical-grade agents in clinical trials

Synthesis and labeling
Good laboratory practice should be used ■ Products and instrumentation used for synthesis should be approved for ■ clinical use or received exemption by the FDA Description of the manufacturing process, standardization of the product size, ■ coating, and long-term stability should be provided for superparamagnetic iron oxide nanoparticles
Labeling should be performed using good manufacturing practice in an ■ approved facility characteristics of the agent Does not contain contaminants or generate toxic byproducts ■ Wide therapeutic window ■ Does not alter cell proliferation and viability, stemness, or differentiation ■ capacity, or result in an increase in reactive oxygen species or apoptosis of the labeled cells
Review criteria
The PubMed database was searched for english language papers that appeared in the literature between 2003 and 2009. The search was not limited to full-text articles, and references with a full-text paper available through institutional library subscriptions were used. Searched terms included "cellular imaging" in combination with "cell labeling with contrast agents" and "myocardial imaging". Papers on specific contrast agents or cellular agents were search in combination with term "cellular imaging". The scope of imaging studies reviewed was limited to those involving the myocardium. 
